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I'ECHNICAL MEMORANDUM NO. 5S1 
EXPERIMENTS WITH PLANING SURFACES* 

' ■ -Br Sot I ^tf •• - ' 

-. ■6.7th Report of the Eam'btLrg' N'aTal' Tank (H.'-S.V'.A.^ 

Experiments with planing surfaces are fundamental hy 
drodynamic researches foi* the purpose of ' 'obtaining the 
most favorable, forms for planing Tjoats, flying- toats, and 
seaplane floats, wlifeh tai^pfecl^ Wf^t$r resistance eind sea 
wqrthiness. ''v' 

. • ,■ ^I, -. TESTS OF MODllS OS" PEAnW^ AND^-tolNG' B6ATS 



Figure 1. shows typical water-resl^tance curves for ai 
planing boat and a, flying ■&0^$.'t-» ', • 

■..The planing boat It«^i;.& 're si stance curve which, be- 
'cause of . the . constant Weifjit of the boat, shows a continu 
ally increasiiig resistance with ineu'eidsing speed. The re 
si stance increases approximately quadratic ally up to the 
instant of the beginning of planing, and in the planing 
condition increases •With " ^I'^'OW^ir -lefiid 'than ' 2, 

The flying boat is lightened by the wing lift which 
increases as the square of the speed. The resistance 
curve .'■therefore first re^iches a ma:simum value and then 
.falls, .off to reach 'zero' at the Inatdnt of take-off; that 
tfi, then .the wing lift equals the gross weight. The fly- 
ing boat- -can take off with any load for which the sixm of 
the water and air resistances remaine less than the pro- 
peller thrust. 



*Ebcpanfl .--'■1 troatiiio.it of a paper road co-'->re th^ Drincipal 
meefein=; of t.^c G.csollschaf t der Jre^T.-io und jTorderor der 
Hambur gi schon- Schiff bau-'Ver r-n^isanstalt G-.m.b.H., Mr>.y 25, 
1929, From i,ii,hor's reprint oi 'cle in "'.Terf t-Rsede- 
roi-Ha-Vcn , " "ov. V, 1929, pp.' 425-432, 
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Three classes of models -aey "be used in, this work: 

l) Massive 'wood or paraffin model " These usually 
are three to five times as heavy as the weight correspond- 
ing to their scale . The .excess weight ..pust . be. balanced 
hy a weight suspended ove:^ 'a sheave R." ' (Fig. 2«) The 
mass forces from oscillations . in the direction of motion, 
which affect the resi stance iriea^Tifement s , are therefore 
three to five times those of a model having true mass sim*^ 
ilarity,_ Those frpm vertical .oscillations are . f iv^a,. to 
nine times as great* • Consequently , ' to o1?tjain Unaffected 
measurement s » 

3) Weight -similar models are generally 'used'. . ".Their 
weight , Inclusive of the oalance weight, is 'S/X®*. ' 

3) Dynamically simiiar models are u^^^d, especially 
for tests in waves, in order to give a true rejSf eduction 
of the motion of the full.. size in pitchinge .Their model 
Weight is G- /X^ and theiT masi m^siaent of inertia *T/X^ ; 
where Q - weight and 3? ma;^s moment of inertia, of the 
full scale, and X = mod^l "sdiile » 

Figure 3 shows the test arr an.f ement A. . Th,e .wjeight- 
slaillar mo-dQi is halsanced aTso-ftl' Ih© ; c...g\. of the' whole, air- 
craft and suspended at the 'Cagif. Ky" means of a f ork. The 
wins lift is produced by a, w^lght^ suspended; jover shaaye 
H , jDhe- mo iei Is" 't ow ed in ''t*h'^-, p"t bp el l er ; t>rft &^^^ 'line "by a. 
ivire bridle, which 'leads forward to the resl'stahce dynar, 
mometer arid aft to a' small tep. si, on freight. .Two .guides .' . 
forward and aft of the model hoTd it. in thd direction of 
motion. ■ The resistance is measured by means of. a spring, 
while: the ri*se and the trim angle are read on correspond- 
ing scales 

The fundamental "tests are runs made, according to 
Froixde's law, with the mbdgl free, to trim, at various' con- 
stant speeds over- the speed range up; tp take-off.' The wing 
lift is supplied by- the balance ' weights and is corrected 
during the runs according to the angle of attack of the 
wings as determined' from the trim angle, 

Howover, with this method of towing it 1 s- not possi- 
ble to study two problems., which require dynamic similari- 
ty of th-e masses in- motion and massless lift: 

1-) The "t'es.ting' of a float i'n-.'^accel'erati on correspond- 
in.-3 to the true starting- regimfe (take-of f ) t'- This ■'.Tould be 
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very, desira'ble i-n ..order to study its aofeions , since from 
exp/arj-eace, almost eveTy float » b^yon-di 'tlie iiump , i.e., at 
the start of planing, has a tendency to pitch, : Too much 
importance is given t this pitching in tests' made at con- 
stant speed, since .tit,ea -it, natT3.rally persists throughout 
the run and gives poor readings. In fact, when taking off 
the aircraft quickly pas.se.S' through, the • crit ical range and 
shortly . tliereafter iDegias - 1<> .planei wJiic-iL results in siiooth 
running. , • i • 

An additional advantage of this raethod of- testing 
T?ould he that' tJie, wh<>l6. of the resistance qui-ve referred 
' a53©T..«, tog.^-^her' wlila.' ^het.. .ii,s0elfra6:l2if f^T-of&s-> - woul.!"-- %b 
olitainecL Ibi on© run. . : ; ' ''" ~ • 

S) - ffee testing of - a float la a seaway, to t&^-at con- 
stant speed and while 'Ijjelag ■ accelerateii. •'• This 'treaiiiits 
.the same requirements. - ,, 

The first prohlem can 'he studied in. the circular' tank 
of the Junkers Company. The model is towed in a' circular 
chaaanel , suspended and guided by a hinged arm whose verti- 
cal axis lies at 'the cJfenter : of the 'channel . If the sus- 
pension point on the axis.:..lies above the attachment point 
on the moael, then the v.e.3f tlealrdoajtpoiLtwt. of the '■es^mtrip- 
etal force, which Increfises as the square of the r.p.m, , 
.is. applied to the . model:.. -By .chahging : the hei^^^^ of' the 
suspension point oii the axis any wing i if t can b© abtained* 

!Ehe apparatua of . the H. S .T.A.. f oi* f Owing dynaMcally 
simiilar models in a straight towing tank consists of a' 
combination .of the resistaace body dev.el.oped at the tank 
fbr uise on trial trips with the float test appara*tis* ' ■ 
Since the resistance body has a water resistance increas- 
ing exactly .as the s-quare of the speed, it is only' -neces- 
sary- to connect the .pull :of: th,e resistance -body to the 
suspension wire of the float' by a suitable linkage, arrange- 
ment B., Figure 3. A .lever and quadrant are interposed and 
make it possible to vary the point of attachment of the 
pull from t^ie resistance body.' ' The lift corresponding to 
get-away speed can be obtained by. Suitably locating the 
point where the -pull is applied to.-th« lever. " The iresist- 
a-nce. body is a rather light cone, and the fo-rce required 
to accelerate it is -s-o small ia- comparison to the total 
force that it- can- be neglected, so that atVeach ifiomeht of 
the run the correct wing lift is applied. - 
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.A .further development of the gear is "proposed in which 
the slider t.o which the pull-lng- wire -of 't-h.e resistance "body 
-is attached will "be- moved '"by a "-motor coil Well ed hy the mod- 
el . Itself in ■ such a manner ag- 'to- 'produce the lift corre~ 
dponding to the .exact angle of attack of the wings; 

The resistance "body properly should lie off to one 
side of the model so that any infiuance on.the model may 
"be avoided. 

Amer i can- te st s for the ss.me ptcrpose in" which a hydro- 
foil was- arr®,n-gT3d in' the water under" .the model' to give the 
corresponding lift led, among other things,, to errors due 
*o interference with the model, 

. ; J'u-l.lv inf o.r?aatA.on' on /the model is given D;al^ "by tests 
at different cdnsifenli trifli angles, since the r/eklsiatnce 
is dependent on the trim angle and a further important re- 
sistance 'B-ffect appears which is dependent on the trim an- 
g-le and is pr.oduced Tjy the water": flowing -iindey the step 
and wetting the ■ af texhtidy, ■ 

■ By moving a Bidding weigh.* . (fig '» ' the nebessmy ac'^ 
meat- i s . applied to . the . model, during; the run" t.q.=. maintain 
the, desired, angle- -of •; trim, : . , ^ -■' • • " 

•• ; It - i s ; the- task of the .airplane designer^ to cbiistruct' 
fae float or "boat so that as far as possi'ble it will give 
th.e rno.s.t tavora"ble angle of " attack . for the wiags of the 
airplaae and' so- that the control surf aces :can " apply the 
proper moments, in order that the get^-away ' may take place 
at the most -favorable .. aagle of attacl? for the particular 
speed rang©-* ' ' ■ - ' "' . 

The economy of the flying "boat is increased ' by lower- 
ing the maximuja resistance. This gives an increase in the 
useful load, which means an increase in fuel capacity or • 
an increase in range, '.Tith it is also ©"btained a shortsr 
time of take-off-, much desired on account of the heavy 
structural loads while taking off In a seaway. By :maki-ng 
changes in'.'the- planing "bottom; cha,nges in the position -and 
hoighj: of '.-'the-. steps, changes in the afterbody with regard 
to the-.sprfty. or by the -oonstruction pf a new- boat .with 
different principal dimensions,- etc,.,- it is-possible b;/- 
simple compari son , to determine the relatively most favor-.' 
able-mpdel. 
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:: Fi:gu.rB; 4 shows the comparison of systematic tests of 
a f ly-ing b-.oa-j; : ,w.ith fiv.e different . ■bottoms. There are im- 
portant: differences in . the resi stances: of the individual 
desigfis^ 3o-ttom form Uo , i » " for ^Instance , has two condi^ 
tions pf . maximum, resi stance •; : traveling in smooth water the 
Water does not 'breals: away from the step with the result 
that the resistance- steadily' rise's. Unsticking caii he 
accomplished by jarring thi moiel,' - The model ' then rise s 
on the step and the resistance falls to the lower "branch 
of the curve,' la practice th$§bo4t wpuldb to get 

off onl^ In fotL^ -water. 

This method of developing a type is still followed 
generally,' / tphg ' teste' ie^eriJEelesg- remaitt-'uaaatiaf actory 
because they are derived from a form which, lacking previ- 
ous fundamental knowledge;, has been developed by the de- 
signer prihcipal-1.r by "feelltiig mt tsistinct", and a variation 
of all the. design elements which have a bearing on the prob-^ 
lem must be neglected, primarily because of the great 
length of time required- for the tests and the correspond- 
ingly high costsi Consequently the information which is 
obtained regarding the effects of changes is often decep- 
tive; e.g., a change in the 'bottom form of the forebody ' 
might be favorable of itse.lf but because the afteTbody is 
not sui t able,, rf'or 'use with It ai| ^-pprktes't 'failure might 
he obtained because of the ef f ,ectst 'of ■ the spray* 

,A resogaaltion of this fact led ihe' firm ■ ef Etfhrbach 
to conduct at the Hamburg tank the first systematic tests 
with diff.erent . bottom forms of f or ebody: alone. The %fter- 
ib<jdy Was separated by a ■^efrtieal cut a* ttce - iJef * '^^^lle 
the load remained equal to the total load, j 'Jth these test$ 
the great increase In resistance due to'. the ti^ake running 
back along the afterbody appeared plainly* jor InSt&nce, 
the combination of one of the' completely investigated fore- 
bodies 'with a certain after'body gave a 30 per cent increase 
in .resi stance ■beca'Q-Se the' afterbody, although of itself 
out of the water, was wetted for its entire length by a 
stream of water coming out from under the step, A suita- 
ble deflecting device reduced the resistance to almost 
that of the forebody alone. 

Models of similar type b'ut' with different loadings^ 
and get-away speeds are CiOmp'ared according to figure 5, 
In this the ordiaates. are the planing numbers c = ^/-A-, 
where W is the resi stance , A the dynamic lift, and the 
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abscissas a.re 



T 



= speed ratio =, 



ol) serv ed, spe ed of model 
take-off speed of model' 



3y making ■ numero-us tests with seaplane models of similar 
loading and the' same scale, it is prohaoly possible to de- 
termine empirically an envelope, for the numerous curves 
which would represent the curve for -the .]?est model. 

However, the question of how near we are to the theo- 
retically liest model i s . still unsolved,, Ihe test results 
from worS: done for different private- concerns must be 
treated as confidential, consequently, material for compar- 
ison is restricted. 

11',' SYSTIMASIG - lists .1 IIH PLAIIHG- .SUB? ACIS 

As early as 1934 tfests with hox-shaped bodies were 
undertaken at the Hamburg tank by Dipl. ing.., M, Popp as a 
basis for planing boat construction, in order to determine 
the planing numblr- for. flat and V-bottom. f orm-s a,nd for . 
different trim angles and loads. These experiments cqulii 
not be carried out to the proposed extent because of lack 
at f-dnis, • • 

About a year and a half ago "the test program wh.iqh is 
described in more detail later .on was set up because , of the 
pressing necessity for a basis for analyzing flying boats, . 
The first results of this program are presented here. 

The following considerations lead immediately to the 
choice of a plane rectangular plate for the fundamental 
investigations} as beiag the planing surface with presum- 
ably the best planing number. 

Tangential and normal forces act on the under side of 
a plate whi ch i s moving through a fluid at rest while the 
uTDper side remains under . const ant atmospheri.c pressure,. 
It is assumed that ■ the w-ater flows .away freely from the 
bounding edges .of the bottom surface* .. . 

In the case of a f ri ctionle S:S fluid, the tangential or 
friction forces equal zero, Jrom Figure 6a it is seen 
that the result'ant 0;f "the- normal forc-e N for trim angle 
a gives W = A tan a as a minimum resistance.,. 



From Figure 6b ..it is. sqen.that\ ^ assuming the addition 
of the friction force T, the resistance becomes 
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\f = A tan a + - — — — ■', as» in accordance Tiith. the condi- 
cos a 

bior^s 01 the tec-ts, the lift X i :: anmi-Mci to bo c o :;. -.i t -.r. t 

If one conside.r-s the cross" section: of a T-hottom plate 
TTith plane inclined, supfaces and absMmcs for sinplicity 
that the trim angle • i s - sm^iH- and- may'- "ba tioglectod, the nor- 

mal force oa' ofiio ■stde'. '-accdi'ding to ?i^re 6<j- |- = 
^Jd3. — 03? ' K = , For' the flat p^atp - sin f|^ = 1 

hence H = A, -. TTith increa^^f - 4eadri se , ST and ' the lost 
coiftpoaent . ITy ;ho,;th, ;inaf-ea6«/'-ia/S well as the ^/ette^d sur- 
face, .if the con-sfcant ;lif-t- 'A' ■ ^i'a- ^maintained, , as . a result 
of '^rhidi... the total resistance of "the V-bottom, and also 
of the cjirved hqttom, exceeds that of the flat plate, 

Ihe Test Prograni 

The. syst'ematic • study of . the" plates was conducted .as 
followsi. • ■' \ ' [. \ , . . ... 

1) For a given plate,, the influence of trim angle a 
on planing n-.uiibe.r c: = 'tir/A was determined, hy towing at 
constant , speed and' load, ■'but with each test .run at a dif- 
ferent trimming moment. ' ' ' " ; 

2) The effect of increasing load was determined hy 
repeating the first tests at higher loadings. 

3) The offecb of increasing speed was found Dy re- 
peating the first ^tonp of tests at higher speeds. It 
was assti'med that' 'the lift- ia,isrea«ed, as the s.quare of the 
speed.. . ';'-■ ■ • ' , . 

4) After- the , relati ons f-Oir one plate were known,, 
tests were mad'e for co.mpari son- with one. or two other se- 
ries of t'ests-, in order to determine, the' effect of vary- 
ing Tareadth. of plate (vaJ?''iSvtioti_ ot aspect' ratio), "by tow- 
ing relatively wider ' plates 'fit' cons. |; ant loads and consta.nt 
speed Si.- 

5) The conversioii'''oi' '.the' model results to full size 
by ]?roude?s method'" shOwi^^L' gBpA agreement almost to the 
maximxim resistance, however, "as the, size of the models 
was reduced an increasing discrepancy appeared, as Hermann 
and IIloss pointed out as a result of tests with models at 
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various scales carried Wt'- at'' the'' H . SvVi A,- (Fig, 7.) Al- 
fhougli up to tiie laaximum r;esi..stance the hydro- and aero- 
dynamic lifts are small, and consequently there is no dif- 
ference "between a flying boat,., a planing, boat, and a dis- 
placement TDoat, thoreaf tor-,, with increased, hydrodynamic 
lift, the planing condition- i.s- reached,- and it is necessa**: 
ry to ob.tain a cpnyersion formula of tho form W = w - ■ 
f (X.). The first term expresses the conversion of the to- 
tal resiste.ncQ measured as form resi.stance, according to 
Froudo's law, while tho second 'oxpr esse s th-o difforencs 
in friction, according to Reynolds' law, as a corr,bcrfcion 
for "Scale Effect." By testing, plates o-f different widths, 
as ovitlinod above undor (4) , . the . law of .conversion for tho 
planing ' condition can bp f ound, Tao sQale.s of the models 
are derived from tho relations of the plate widths to 'each 
othor* -On the basis pf FrpudoVs law tho ,tosts ,wsi"e con-' 
ducted »t ©©rte^pdaftliag speeds and loats and iha results 
used tb Aetermine the second tepia of the cpnyersion: for* 
mul a, 

This method has the adva-ntage over tests with' actual 
hull models in that the effects of spray which would cause 
the. results to lose their general 'Validity, are lafoided. 

3) In the same way the Influence of different bot- 
tom forms, deadrise, curvature, etc., are to be deter- 
mined by comparative tests, in which, in place Of flat, 
plates test floats are used with the saaa© ipr^err-ali. dime»-^ 
si 0116 but with different bott'oia f prmis-,' ^ 



ApiJ-Stratus 

Preiimluary tests were ruii wl-tli a flat jg:l-»#s p-fate lo 
determine the forms of the wetted surfaces. In the app.a-"' 
ratus described hereafter, the angle of attack and the 
length below the still water level were determined by 
reading the change of draft (fore and aft) from the zero 
reading (plate level on the water surface),- Tho impact 
pressure of the water on the ^plate increase's the true wet- 
ted surface. By looking through the glass plate the wet- 
tea length is easily determined by reading the impact wa- 
ter line on a scale on the. plate, .For a ulate having a 
width of 0i3 meter the dynamic water lia-e is a flat arc- 
of about 10 mm midordinate for all speeds, angles, and 
loads. Accordingly, it was! permissible in the succeeding 
experiments to use an aluminum plate about 6 mm thick, in 



IT.A.C.A. Technical liempranduni 17o . Sol 



9 



which a slass plate 50 mm wide had 'bGGn fitted at the 
quarter point, A mean value of the*vir©tted length was road 
through this small ^lass plate. 

The plate was pin-jointed to two vertical rods, each 
of which was guided at "both top and "bottom of its guide 
frame by three hall-bearing rollers, (Jig. 8,) The guide 
frames were supported at their eg, axis on knife-edges. 
Their weight was supported from the carriage while the 
rods formed a part of the load on the plate. At the level 
of the axis of each guide frame a steel wire was secured 
to a. short cross menher on the guide rod, Tho counter- 
weights were attached to those wires and suspended ovor 
sheaves i^^ and Eg. The loadirig heights were placed on 
scalepans on the guide rods. By changing the loading 
weights or counterwoights any dosired loading of the plate 
could ho ohtalned, wlji'le 'by ' shtf4;i.tig "tkcj loaijag -w^igiits 
or counterweights from one rod to tho other any monont 
could be obtained, Bise and trim angle wore dotermined by 
gratlLlfeal record of the change qf rise of each guide rod 
on a drum, 

fite resistance dyftiSWJmeter consists of an equal armed 
lever- supported freely oh two knif e- edges * A cpars^. bal- 
ance weight and the tension of a spring, Which is' 4kti4&\ 
by si-c electric motor controlled by two contacts, hold the 
resistance in balance* The extension of the sprihg regif- 
ters on 'si. drum so tjiiat an aactt^ate ffleaa reslstanc!^ is ob** 
tained. The time and travel of the carriage are registered 
at the same time to determine its speed* By this arrange- 
ment the weighing lever, and hence the forward guide rod 
are maintained in the vertical position. The slight angu*; ; 
larity of the after guide rod at large angles of trim is 
tal::en care of by a correction, 

She Test Procedure 

■Sfhen tha carriage is not in motion ring stops on the 
guide rods hold the plate so that the leading edge is above 
water. During; the accelerating run the plate gradually 
assumes, of itself, the depth corresponding to the prede- 
termined load and the aSigl-^ attack corresponding to the 
predetermined moment, so that on reacbiiag constant speed 
measv-rement s can be taifceh. 
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Tests on the .3m ISTide Plat Plate 

Tiie loads and speeds chosen appear in the following table. 
The load is increased as the square of the speed, and accord- 
ingly the load coefficient 0-q = — - remains constant. 

-- D V 

2 



Loading 


load coefficient 
A 


Speed in 


meters per 


second 












0.25 X 0,218 


4 kg 


9 


kg 


16 kg 




r22,s':'3Eg-w 


II 


0»5 X 0.218 






II 


32 " 




45.2 " 


Hi 


0.75 X 0.218 


12 " : 


27 


n f 


48 " 






IT 


1.0 X 0,218 


15 » 


36 











Angle 
Hun of 
ITo. attack 



Wetted 
length 

in mm 
(fig. 14) 



Length 
below 
the 
water 
surface 
I i n mm 
(fig. 14) 



Ee si st- 
ance 

¥ 
in g 



Moment 
M in 
mkg 
about 

trail- 
ing 
edge 



Moment 
CO ef- 
f icient 



A b C 



(fig. 14) 



1 

2 
3 
4 
5 
6 
7 
8 
9 



Speed T = 4 m/s, Loading case 1; A = 4 kg 



jdeg.inin , 



1 
2 
2 
4 
5 
S 
7 
9 
10 



li: 
12 
43 

3 
26 
34 
21 

8 



770 
465 
325 
160 
100 
85 
70 
SO 
45 



715 
415 
375 
113 

60 
50 
42 
36 
25 



820 
610 
490 
450 
475 
550 
550 
550 
770 



1.925 
1,419 
1.052 
0.522 
0,403 
0.373 
0,326 
0.283 
0.232 



29.40 
21,65 
16.05 
7.98 
6.15 
S.72 
4.99 
4,33 
3.54 



0.701 
0.761 
0.805 
0.812 
0,820 
0.841 
0.853 
0,830 
0,890 
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Angle 

of : 

attack 



TiTetted 
length 

I' 

in mm 
(fig. 14) 



Length 
"below 
the 
water 
surface 
1 in mm 
(fig. 14) 



Hesi st- 
ance 

in g 



Moment 
M in 
mkg 
ah out 

trail- 
ing 
edge 



Moment 

coef- 
ficient 



A t Ob 



I' 

(fig. 14) 



Speed V = 4 m/s. Loading case II; A = 8 kg 





deg. 


min , 




10 


2 


57 


765 


11 


3 


1 


748 


12 


4 


13 


545 


13 


5 


25 


395 


14 


5 


34 


278 


X O 


I 


ox 




16 


7 


58 


195 






•X 

W 




18 


11 


18 


140 






Spt 


jed T 


19 


4 


3 


855 


20 


5 


1 


705 


21 


5 




585 


22 


7 


8 


495 


23 


8 


5 


395 


24 


9 


22 


320 


25 


10 


54 


255 






Sp< 


sed. 7 


26 


5 


6 


910 


27 


6 


7 


785 


28 


7 


49 


515 


29 


9 


31 


475 


30 


10 


54 


385 






Sp< 


sed V 


31 


2 


22 


710 


32 


3 


1 


490 


33 


4 


8 


240 


34 


4 


37 


220 


35 


4 


45 


177 


36 


5 


10 


150 



695 

675 
472 
330 
215 
155 
140 
110 
84 



1070 
1140 
1105 
1100 
1130 
1180 
1220 
1360 
1600 



3.821 

3.835 
3.112 
2.423 
1.714 
1,387 
1.244 
1,076 
0,847 



== 4 m/s. Loading oase.III; 



7S0 
510 
491 
406 
305 
234 
171 



1530 
1645 
1710 

1805 
1980 
2150 
2360 



6.212 
5.512 
4.828 
4.159 
3.460 
2.832 
3.578 



^ 4 m/s. Loading case 17; 



79S 
552 
499 
359 
270 



2260 
2420 
2525 
2920 
3240 



8.640 
7.971 
6.609 
5.249 
4.315 



= 6 m/s, Loading case I; 



655 
433 
188 
174 
130 
104 



1710 
1410 
1105 
1050 
1020 
1100 



4.853 
3.406 
1.954 
1.458 
1,345 
1.036 



14.60 


0,537 


14.70 


0,63 5 


11,90 


0,708 


9.28 


0.741 


5,56 


0.761 


5.31 


0.798 


4.75 


0.788 


4,12 


0.717 


3.24 


0.730 


A = 12 kg 


10.55 


0.601 


9,35 


0.546 


8,20 


0,582 


7.08 


0.693 


5.88 


0,729 


4,82 


0.725 


4,39 


^ 0^740 


I 16 k| 




8.25 


0,587 


7,51 


0.527 


5,31 


0,652 


5.02 


0.579 


4.12 


0,585 


= 9 kg 




32.90 


0,754 


23.10 


0,709 


13,30 


0,788 


9.90 


0,805 


8.45 


0,787 


7.02 


0,788 
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Hun 
No. 


Angle 

of ' 
attack 

1 


Wetted 
length 

in mm 
(fig. 14) 


Length 
helow 
the 
water 
surface 
I in mm 
(fig. 14) 


Hesi st- 
ance 

in kg 


Moment 
!1 in 
mkg 
ah out 

trail- 
ing 
edge 


litomsnt 
c oef — 
f icient 

K 

A h Cg 


Ip 

fT" 

It 

(f^;y 1 A") 






Speed V SB 6 


m/s. Loading case Z; A 


= 9 kg 






deg.min. 














is 7 


5 


49 


108 


6o 


T "1 O C 


r\ Q''j|-'A-- ■■■■■■■ 


5,70 


0,855 


38 


6 


57 


95 


58 


ItJlU 




4.97 


0.848 


39 


7 


47 


B2 


A A 

44 


loOO 


0, 603* 


4.09 


0.883 


40 


8 


35 


62 


30 


1380 


0*562 


3.81 


0.945 


41 


9 


53 


56 


2S 


■ 1575 


0«497 


3.37 


0.973 






Sp< 


3ed V =* 


6 m/s, Loi 


9kding ca 


30 li ; 




k ' . . 




2 


35 


1400 


1325 


3320 


14,3ii^0 




n c nt nt ■ 


43 


3 


47 


915 


838 




11 . 587 


19.70 


0.597 


44 


A 


T n 
iU 


810 


739 


2820 


10.865 


18.45 


0.704 


45 


4 


15 


780 


705 


2770 


9 . 930 


15.90 


0.729 


46 


5 


8 


580 


507 


2595 


6.329 


10.78 


0.748 


47 


5 


31 


515 


448 


2630 


7 . 0 63 


12.00 


0.752 


48 


5 


40 


490 


420 


2630 


5.561 


11.17 


:'-0i#&';'-' 


49 


6 


53 


318 


250 


2710 


4.518 


7,67 


0.757 


50 


7 


54 


235 


X68 


2870 


3.080 


6.23 


0.785 


51 


8 


58 


182 


1X7 


3050 


2,431 


4.13 


0.740 


52 


9 


34 


163 


101 


3170 


2.181 


3,72 


0.733 






Sp 


3ed V = 


6 m/ s , Lo 


ading ca 


se III; 


A = 27 ] 




53 


2 


41 


1695 


1590 


4700 


26,370 


19.95 


0,570 


54 


3 


34 


1310 


1205 


4320 


22.609 


17.07 


0.332 


55 


4 


22 


1095 


994 


4130 


20,050 


15.15 


O.o74 


56 


5 


13 


937 


832 


4120 


17,531 


13.22 


0.383 


57 


5 


26 


873 


' 716 


4140 


16.478 


12.45 


0,591 


58 


5 


24 


682 


587 


4230 


13.661 


10.32 


0,709 


59 


6 


43 


540 


545 


4280 


13.142 


9.93 


0.717 


60 


7 


25 


538 


442 


4360 


10.834 


8.19 


0,728 


61 


8 


3 


478 


380 


4540 


9.438 


7.13 


0,723 


82 


9 


12 


390 


287 


4770 


7,391 


5.58 


0,728 


63 


9 


48 


345 


252 


4950 


6.697 


5.05 


0,709 
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Run 
Ko . 


Angle 

of 
attack 


Wetted 
length 

I' 
in mm 
(fig. 14) 


Length 
"below 
the 
water 
surface 
I In mm 
(figa4) 


Be si st- 
ance 
W 

in kg 


Moment 
H in 
mkg 
about 

trail- 
ing 
edge 


Moment 
coef- 
ficient 

M 

A "b Ctj 


7 „ 

V 

(fig, 14) 






Speed v =5 5 


a/s. Loading case 17; A 


— VP 






deg.fflin. 














64 


3 


62 


1555 


T ji »7 tr 


Do f\J 


OP » oo V 






55 


4 


19 


lo85 


T O C C 


K r> Q A 
D / y U 


oU « r DU 


13.08 


0,512 


66 


5 


6 


l-cOO 


107o 


ooyu 


<5 P « p O U 


12,00 


0,550 


67 


5 


35 


1120 


993 


5670 


^6*510 


11.25 


0# SSCJ 


58 


6 


16 




CS D u 






10.50 


0, 588 


69 


8.- 


43 


943 


820 


5960 


22.710 


9,63 


0,574 


70 


S 


■5*7 




800 


6010 


22.724 


9. 53 


0,574 


71 


7 


43 


745 


624 


6250 


19.521 


8,25 


0,681 


72 


8 


11 


690 


564 


S300 


18.020 


7.63 


0. 578 


73 


8 


45 


523 


498 


5490 


16.052 


5,81 


0,704 


74 


9 


30 


509 


385 


6760 


13.358 


5.67 


0.712 


75 


10 


8 


453 


343 


7010 


11.883 


5,05 


0,702 






Spe 


ed y = 8 


m/s, Loa 


ding cas 


el; A 


= 16 kg 




7 6 


2 


32 


810 


750 


3130 


10.187 


38.90 


0.779 


77 


2 


42 


620 


565 


2900 


8.011 


30.60 


0,801 


78 


3 


24 


401 


340 


2260 


5.09*3 


If ,4S 


0.810 


79 


3 


43 


275 


217 


2060 


3,638 


13.90 


0,821 


80 


4 


35 


178 


118 


1820 


2.200 


8.42 


0,781 


81 


-g 


0 


148 


88 


1750 


1.848 


? *d6 




82 


5 


13 


145 


94 


1860 


1.859 


7.10 


0.795 


83 


5 


51 


125 


. 78 


1930 


1.534 


5.05 


0.827 


84 


6 


57 


88 


43 


2180 


1.217 


4,66 


0.837 


85 


7 


57 


65 


20 


2470 


1.076 


4.11 


0.830 


86 


9 


12 


72 


38 


2590 


1,019 


3.89 


0.870 



87 

88 
89 
90 
91 
92 



Speed V = 8 m/0, ioading case JI; A = 32 kg 



4 

5 
5 
6 
5 
7 



21 

3 
31 
19 
57 
20 



792 

540 
507 
350 
306 
258 



709 
560 
42 5 
275 
23& 
185 



5150 
4870 
4780 
4760 
4760 
4910 



19.092 
15.508 
12.639 
8.348 
7,294 
6.302 



18.25 
14.83 
12.08 
7.98 
6,97 
6.02 



0,746 
0,750 
0.774 
0,796 
0.764 
0,752 
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Lengtii. 




Moment 


l|0:m:e:tl^t' 






Angle 


Wetted 


"below 


Re si st- 


M in 


coei- 




Run 


of 


length 




ance 








attack 






W 


about 






a° 




svacia.ce 


in kg 


trail- 




(fig. 14) 






(fig:, 14) 


I in mm 


ing 










|fi^*14) 




; edg© ■ 






Speed V = 8 


m/s, Loading case II; A 








deg.min. 














93 


7 20 


248 


179 


4950 


&.307 


5.02 


0,760, : 


^4 


7 


2558 


1S8 


4980 


6.336 


6.0g 


0.750 


95 


7 57 


202 


130 


5070 


5.270 


5.04 


0.751 


96 


8 26 


190 


120 


5230 


4, 623 


4,42 


0,748 


97 


9 40 


150 


82 


5580 


3.576 


3.51 


0.753 



Speed V = 8 m/s, Loading case III; A = 48 kg 



98 


6 


38 


738 


632 


99 


6 


59 - 


S25 


521 


100 


7 


10 


527 


523 


101 


8 


11 


458 


355 


102 


8 


25 


430 


329 






Spe< 


3 d V =s 9 


,5 m / s , 


103 


2 


50 


680 


610 


104 


3 


10 


422 


357 


105 


3 


52 


296 


233 


lOo 


4 


45 


199 


134 


107 


5 


13 


170 


110 


108 


6 


20 


41,0 




109 


7 


24 


80 


20 








$6l V = 9 


.6 m/s. 


110 


4 


■::•g9^• 


820 


735 


111 


5 


: 7 




545 


112 


5 




490 


407 


113 


6 




^^yyilli>--' ;■ 


232 


114 


7 


44 


Jiii-yff 


168 



7880 
7980 
7920 
8220 
8370 



4150 
3530 
2790 
2600 
2660 
2910 
3120 



6980 
6730 
6680 
6800 
7070 



26.017 
22.479 
22,483 
15.810 
14.008 



12.167 
8.135 
5.199 
3.801 
3.104 
2,039 
1,263 



28.015 
22.319 
15.550 
10.854 
8.146 



11.05 
9.55 
9.55 
7.20 
5 . 94 



32.90 
22 , 00 
14.06 
10.30 
8,39 

..5,ii 

3*41 



0.726 
0.741 
0,73C 
0.738 
0.737 



kg 



0.790 
0.820 
0,802 
0,813 
0,801 
0,813 
0*B^^3 



A - 45,2 kg 



18 .98 
15.11 
11.22 
7.36 
5.52 



0.749 
0.765 
0.763 
0.754 
0,736 
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In Figure 9 are entered: 

1. The measured resistances less the air drag detor- 
nined i)y towing the horizontal plate just above the vrater. 

2. The curves of form resistance W|i.= A tsin a. 

.3, The curves of frictioaal resistance Wj^, com- 
puted according to Prandtl's friction formula for a turbu- 
lent boundary layer with laminar approach, 

in which P = density 

• v-jm = mean velocity of the wate? tellii:ivo to 
the ■plat©; ' 

I* .= measured -Wetted surface t* b 

I' wetted length 

<5f 
R 

4, The curves (Wf + Wg) 

5« The mean' reduction in speed of the water rela- ' 
tive to the plate 'u ~ "* '^m Pei" cent of the towing 
speed V, as d.etermined by pressure measurements, 

A complete agreement of the measured vtilues with the 
curves (¥51 + Wj^) appears at loweir loads, while with ia- 
cre8,sing loads at small angles of attack an increasing 
difference appears. This difference is explained in part 
by the gradual appearance at small angles of attack of 
spilling over the edge, and in part by the increasing ef- 
fect of the edges on the establishing of the boundary la,v- 
er and • consequently on the coefficient of friction Cf 
with ificreasing ratio of • .I'A* 

Figure 10 presents the curves of planing number c = 
TT/A against angle of attack, a,. • ■ Soth upper parts of tlio 



V I 

= aeynolds ]^umber ^ -5- 
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diagram show the cha,nge of planing iium'bBr with increasing 
spaed at constant load, c.peff icient. for loadings I and II. 
'A notabr'e vafise'tion' is. apparent- only for v = " 4' m.p.s, at 
small angles, where a condition of laminar . "boundary layer 
predominates. 

The lower part of the diagram gives the planing num- 
Taers determined for the higher velocities for the four 
.cases of loading I to lY. At large angles of attack with 
decreasing friction W-o, the curve of resistance W ap- 
proaches the curve of form resistance "W^ - A tan a asymp- 
totically, from which the planing number, tan a, is de- 
rived as the asymptote, Tae minimum planing numher lies ' 
TDetireen 4° and 6°, Toward smaller angles the planing num- 
ber Increases with the rapidly increasing wetted surface. 
To'vard larger angles the planing number incr'eases rapidly 
^7ith the form resistance as a function of tan a. The 
lotrest value is 0oll4, the resistance is therefore about 
1/9 the lift, further tests with l.ower loads are proposed 
for the determination of the curve of optimum planing num- 
bers, .. ." 

fh(3 results indlcstte feha% with increasing load, as a- 
result of the greater wetted length in'rolation to the 
breadth, the planing number becomes worse. 

The Pressure and Telocity Distribution on the Plate 

Jot the study of the pressure, distribution the plates 
were fitted with 85 holes of 2 mm diameter. These were 
fitted on one side only, at the center line, at the quar- 
ter beam, and at -4 mm from the edge, as well as at a num- 
ber of intermediate points. From each hole a connecting 
tube led to a glass manometer tube secured on a panel at 
right angles to the plate, . The tubes were connected to- 
gether at the uppor ends by a cross tubo, by which tho wa- 
ter in the comiocting:: tubes^^^ sucked up simultane- 
ously and colored, for oe-oh tost the plate was secured 
to the two guide rods in the proper position to givt3 the 
desired load and angle of attack. when constant speed 
was reached, air was allowed to enter the cross tube, so 
that the water in each tube stood at the height corre- 
sponding to the pressure, and could be photographed or 



She pressure distribution was investigated for v = 6 



a.PiS.' ancl , vlS; 'jfeg .tpr-A^^- 6°, and 8^ -aaglo of -attacl:. 
(Fig. 11.) ' ■ ^'-'--^ . 

.At. tlao . Leading odgo of tlxo Trotted surfaco, whcjro iva- 
•paqt-.ajad chaage- iin direptioii of tl-io , oqc-ars, .ths . . 

-pros sure risos iBjm^diatoly to a lacixinnim, and quickly drops 
off. ■ At. sHtetxi -angles -.it roactLOs aoro at tlio trailing.' 
odgo. .Toward/the sdd&p vit- f ?ill s off only a little com- 
pared, to tlie pressure., at - the center line . ...At' ' the sides.' 
the water escape,s as a- jst on .account of the. .sudden pres- 
sure drop, From the trailing edge the '.7ater continues on. 
in the ..direction given hy the .plate uht^-.l ;.a jet ' sho.ots up 
•frora the-.TeTsound 'Of the water di splacd«^ ''b^.'.the plate.,- ' ^ , ■' 
This jet i s .the .principal cause of the great increase of 
resistance In. flying boats ■srhen the water touches a poor- 
ly formed afterhody, '. 

''\ From the pressure distribution it is deduced that, 
for instance, at 4°, the mean pressufs, with respect to 
tho whole wetted surfaco, is smaller th.an with a wider 
plato TTith tho same load whore tho a-fter peirt of the pres- 
sure range is missing. But if the widdf plate' has the 
grea.ter mean pressure the wetted surface, and consequent- 
ly the friction and total resistance, is smaller, lests 
with plates of various widths should clear up this ques- 
tion experimentally* 

Bernoulli's equation makes it possible to determine 
the velocity distribution on the plate from the prossuro 
distrib-ation, as- shown in Figure 11. The mean velocity 
along"the plato length is also plotted against-' -tho tilate 
width, from which as tho moan Of thp volooity cross soc.-- 
tion, the speed is obtalnod as an average spood over 

tho entire plate. For tho computation of the frictional 
rosistanco 17^, tho moan reduction in speed vu - v - Vni 
as a per cent of the towing spopd v, is shown in Figure 
9 as a function of the trim aaglo a. , 

Separation of tho Roslsta»<ses 

Tho t.ptal rosistaftoei. is,' first diyt^Jod i'nto frictional 
resistance '. TT-d., and form" r6Sl.star.ce 'ily,. .This last is to 
•be divided in"to the iiidjxees'C .j;'6,B,i st.ance , analogous to the 
induced resistance In the ''wijig' the biry,, and the wave resist- 
ance T7^-, which is due to the rflotioh o'f a body lab.ving in a 
bounda,ry between two .media. . As, is readily d-etermined' wi 



sufficient exactness, we <)l>taiJj' 



?^ after determining 



According to the law of moraoatum the neVrly created 
momentum, per second o,r.. the moinontum ; P v w is equal to 
the lift. ■ Ar In this .P = jfg = dblisitT-," ?» i'g- the •cross 
section of the mass affected, ~v is t'ho horizontal spe.ed 
of the plate, and w .i^ tho downward velocity of t.ho laass 
considered. For simplicity lot a rectangular section 
ho assumed over the width h of. tho plate, which 'bocause- 
of tho relatively small reduction of pressure toT>i:ard tho - 
side appears. po-rmi ssihlo . . further, I'df'' 'there he ■ introduced 
for the dGtormination of tho downward- veloei'ty w ■ the .av- 
erage velocity over tho ontiro -plat'o , then = Vjii 
sin a. If one calls the mean heighl; of tKe -aff eeted mass 
hm then we have • . . 



P hjn 'b V w 



m. 



A 



The kinetic energy created per second is dqual' to the 
work-^f "the in4uc0^L 3?esistiancoj that is,: 



f rom- which 



P hi^. h T = fi' T 



2 P v2 ha 



(2) 



According to equation (l) hm and Wj. are determined 
for the three oases investigated, as 









■-80 


^m 


0.238" 


m 


0,182 m 


0.12S m 




0.617 




0.906 kg 


■;;::v,iaS kg 



figure 12 shows the constituent parts of the separate 
resistances, .whicjh at the minimum resistance form approxi- 
mately equal parts of the toal. In contrast to the wing 
theory the share of the frictional resistance in the total 
resistance is .^creat , and on account . of the unknown wett-ed 
length I' it cannot "be determined theoretically with accii- 
racy; on the other hand, there enters also a nota"bly large 
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wave-making resistance which cari ho dotormincd mathomat- 
ically only "by tko dxpondlturo of Yory much time, so that 
only sj'^stGniatic research can proAuco the noccnsary basos 
for,, the prodbteralnatiqn o;f • the •■rosiatancd , nonont, and 
angle o.f -attac^k of . any 'glldiftg -'gody* •' ' ■ 

V 'Figure 13 dhoi#s the rAocionf' coefficient On = ^~ 

plotted against a. The nonont is referred to the trailing 
odgo of the plato. With increasing speeds the moment curve 
for a single loading condition approaches a "boundary curve 
which corresponds approximately . t o the curve for v=.9i5 
m/s. At large angles the curves approach a common asymp- 
tote. The introduction of the wetted length I' instead 
of gives a group of curves of the same character. 

The separation of the curves is therefore determined by 
the changing of the pressured with a power not equal to 2, 
and yet greater than 2 at low speeds, which falls to 2 at 
the boundarj'' curve . For this reason the pr odet ormincd 
lift, v;hich varies as the square, is reached at a shorter 
wottod length at the lotifor speeds, further tests are 
planned fer the eonfirmatibn of those first results. 

In Jigurc 14 the position of the contor of pressure 
is plotted piS Ip/l' in which Ip is the distance of the. 

center of pressure from the after edge and J' is the wet- 
ted length. All the points of the same Ibading case fall 
on the same slightly curved line, that is the ratio of 
Ip/l' is approximately constant. With increasing load 

the value of Ip/l' d@creg.si^s* 

On the basis of results so far, since the intensity 
of loading corresponds approximately to that of the fly- 
ing boat, figure 4, d. minimw lifl-e can be drawn in that 
figure which shows that with the. best designs, where mor© 
value is attached to low resistance than to the best sea'* 
going qualities, the minimum resistance of tho flat plate 
is still exceeded by 20 to 40 per cent. 

The most important result of these tests to date may 
be said to be that it is possible to make comparisons be- 
ttt-een the later tests of the program and one or two series 
of suitably related testa, which will give the work a prac- 
tical application. 
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Aftor an introduction regarAing performance and 

evaluation of tosts of flying 'boatsi thfe'fitst results of 
tests with flat planing surfaces are, described, which form 
the basis for further systematic tests to "be made with 
flat plates and veo-bottoin forms, • . . 
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Figs. 1,4,5 




V = Speed of model. 
Vq= G-etav/ay speed of model. 

Single float I 
,^Twin float. 



0 13 3 4 5 6 7 8 9 
Speed of apdel iii m/ s 

fig. 1 Eeslst'anc© curve of a planing 

"boat with a displacement of. 
58 ^ (T3olow) and of a flying 'bpat 
witli # digplac^ent of 18 'kg (atore) * 




Planitig njmiber e <^ 

W ~ Resistance 

G Weigbt of aircraft 

T S5 Lift froin wings 

5 :0s)^pi*tt!i'5i -of 3 seapiajie- 
floais. 



2 Conditions 




0 



3 4 5 6 7 
Spood of modol in m/s. 



8 



Fig. 4 Resistances of flying Taoat Y/ith five different 
forms of Tjottom. Displaccinent = 18 kg. 
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Fig. 2 
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fig. 3 Diagram sjiowiyig test arrangement B ^fdr towing dynamically 
similar models. 
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Fig. 7 Resistances of similar floats tested at scales of I'l* 112, 
1:4,, and 118, converted to the resistance of a float having 
a displacement of one ton. 
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Fig. 8 
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Fig.ll 
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' Pressure distribution for 8° trim 
projected over the trailing edge. 



Pig. 11 Speed and pressttrS distriljution over a wide flat Planing 
surface. Speed of towing, v « 6 m/ s Load, A = 18 kg 
(Continued on next two pages) 
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(Continuation) 
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(Continuation of Fig. 11) 
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Fig. 11 
(Conclusion) 
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Figsi 12,14 



,^'Total resista tM?9 as measvired. 
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fig. 12 BfTision of the resistance for 
V - 6 m/ s and A = 18 kg, , 
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Pig. 14 Postition of the center of pressure. 
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Fig. 13 




